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ABSTRACT 

The Atacama Cosmology Telescope (ACT) in a G m telescope designed to map the Cosmic Microwave Background 
(CMB) simultaneously at H5GHz T 220 GHz and 280 GH*. hjottPms Gregorian design ip intended to minimis 
and contra him nlT-turis side lobe re-ip mihu, w:uch is critical Un purpoM •?. lie expected si-E* sbt? level for 

rids kind (i i dt-wign is less than 50 dU and can be challenging to measure, florr wn present a measurement of the 
H5GB/ far r-tdclobes of AC !l dune on the ncor-Fucd of the telescope-. Wc used a 1 mW m-t row&ve source placed 
1^ meters away from the tekacopt 1 ncd a chopper wh«; t<o produce n vi.r> ing signal that could Iw detected b\ the 
camera far different orientations of the tniteoope. The sower- food was designed to produce a wide beam prof In 
tovn that the coilphiiy, -ti expected tn be dominated by diffrncUoli -ver the te'cacapri shle ding structure, when 
combined with a tncausurenwtits of the tmuo be&rct fur field response,, tiw-sst- measurement, can be "ised to validate 
elements of optical design and conMiam the level of spurious coupling at large angles. Our results show that the 
dilfraclivf' coupling beyond '.be ground screen is corudatontly t*’5uw -75dB, satisfy. -ii* the design expectatiaiiB. 
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1. INTRODUCTION 

The Atacama Cusmologj Telescope (ACT) is a 6-moUsr dish millimeter wave telescope located at an elev&jt.jon 
of 520t)iu at Goto Toco In northern Chile. It is designed to measure the Oftsrnlc Microwave Background 
(CMB: radiation proihn mg I sgh sensitivity :n.-»;>s w ;.h areminoe [fwjlutkm, sampling u i; hi pules up to l =3 10*. 1 
Birtwoen years 2007 and 201 1 , ACT was equipped with MB AC, a cantem which observed simultaneously in three 
bands centered at. 145 GHz.. 220 CH/ ami Ml GHz. with bandwldlhs of approximately 30CH& for each frequency, 
and each one sampled with a kikpixei TES bolometer array 1 These frequency hands whe chosen to sample the 
decrement h null and Increment regions of the thermal Sunywv-Zd’dovich effect. in galaxy clustered permitting 
their direct detection from tint maps/*- 5 The obfwirvutkn strategy cousijjted sn -scanning the sky in azimuth at a 
1i_vk HcvfM.it m, sampling a zig-zag on the sky while the Earth rotates. Thin technique guarantor that the earmata 
stay* constant. the cryugtti-k:ft arc stable, the telescope deformations are small and that fine Iucj*! environment, 
m ^Hiripied in a cniiwintviit way. During the u cnt.onod years -T operation, ACT observed twq tong blrip*^ n r the 
nky one ecuiemt at declination —51 dog and the at ner rut che equator, covering ucarly 2000 square degrrr" in 
A long Ifiii uf scientific and technical publkatloos have coma out Efotn these studies- 4 * 

Tlic oil- axis Gregorian design of the telescope is trteitded to minimise and oont.ro] the ofF-axia sidelob? 
response, wiiiich is critical fur X'imAlfic purposed- Moreover, In order to minimize the optical coiiiamhiafckMi 
cnnimr from the ground and t.hc surround mgs, -i lihielding stmcl arc was buiit around the optica, pari between 
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the primary and acet notary mirrors, nr.il nnnllmr ground shield was huil 1 around the whole telescope to o.nriplete 
the isolation of the system. The expected Bldfilohe level for thin hind of design in loss than -50dB and wi he 
cliailenging to measure, To validate the design and support the scientific results, experiments to cmBrncterhw tlie 
far sidelobes were performed. 

Here We prcM^Lji 1 r h. method and respite of ,in experiment done on tin AC’l telescope to mess lit ;L* far 
^kleldbes for the i (iH/ ::«nd. In Section 2 we iro* osh basic antenn.* nepotist: concepts, in Section :i wc 
describe the cxpcritiw iuai tnethod that was used, ie: S+trrion 4 we explain the terhmkjues used to analyze the 
data, m Section 5 wc present our results, and in Section G we give our ooadimoru about tin* experiment 


2, ANTENNA PROFILE AND SIDE LOBES 

The response of a radio telescope to a single point source {plane wave) Is given by Its, normalised antenna power 
pattern (also known aa normalized point, spread function or PSF), defined as 
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Then, the observed sEiIntma tempaiature T a result* from the convolution of the PSF with the skv hrtghtiicga 
temperature I*: 

r»(9,*)= f ri(9’,«w-s,^ -*)dri'. (a) 


For a single dish telescope, the antenna pattern nnisihta in a central beam (at 0 = p — 0) followed by Bevcml 
siddobes of lower hitemrity al. Increasing angles from the cfuiter. The width of the central beam is usually defined 
by the Ml width half maximum (FWHM) or the angular Hire of the -3dR contour of the antenna pattern. The 
FWHU is limited by tli fir action at the antenna njmrturo. For a circular ajwrt.ure of diameter D U, is expected to 
bn 

(fcnm-UIBjMI, (3) 

where A as the radiation wavelength. 

The remaining local maxima of tile enterma pattern are called sidelobes. There car. be near &ad far side lobes 
depending on their angular distance from tlio main beam, where “near 11 usually meiuis a few beam si-sea away 
from ’.he center. We dm) wo* teat ihe total nntcrinii i< mporaiure will be formed by the contribution hoisi the 
math beam and I, he widclobaa. Writing this explicitly we get, 


t .(*. <>) = ( f + f + ( ) , tf)p& - e, 4 >'~ Sitin', ( 4 ) 

\J mb Jn*l Jf * )/ 

where mb is tlie roam beam, ml Is the near side lobe region and fst » the far sideiobe region, spending on the 
magnitude of the sldelubrs, they can constitute a significant distortion to the measurements, especially when 
making maps of extend**! areas of the sky’ or when otxwrving extended sourcra. 

Near siddob^art usually origin abed by tlits geometrical properties of the optical design (including illumination 
pattern and blockage), a# well na try defects In tJr yet up like surface errors, reflector misalign mem wxj defocus. 
For example, they appear nat urally from the Bessel functions describing the FSP solution of a circular aperture. 
They are relatively strong, reaching between JOdB and -:7*!ft, ace can sometime?* bii tEJcuHUred directly using 
atrong astronomical point nourcai, 0 They can also be modeled using theory of diffraction and several commercial 
software packages are useful in this regime. Finally, as they appear dose to sources within the s^nie map. it is 
at, least plausible t,n ritt onvoive their effects form the sdenUfic results. 

Far side lobes instead are harder to characterize. They are usually caused by diffraction,, reflection or blockage 
from macroscopic parte, o Lbe tdcscopfs, as well 4=5 direct spillover from i he camera. They are normally broad and 
very weak (of the order of 50 dB or lower)* being generally mure difficult to measure * On top of this, they a re 
also harder to simulate, as now the simulation must include parte of the telescope outside the optical path end of 
physical scales much larger than the wavelength (of tho order of the size of the telescope), which highly complicates 



ihr lesk of finite efomriii ur boundary mlv&rs, becoming con rput at ion&Uy expensive. Moreover, for SKioJobes are 
usably KXi-itoij by strong source* outside the- mapping region, making their effects on tbo science much harder 
to understand and treat. I- or example, the ground in the surroundings of the telescope can couple through the 
far sidelobcs and contribute significantly to the antenna teiuperaturc given its high bright res;! temperature and 
its large angular mre " The Dir thdeiobes must be considered, mi mu ihcd, and ultimately controlled in i he initial 
telescope design to enable reliable Hcinnific results for continuum mapping experiments. 

3. METHOD 

In the case of ACT uv nxpect the far sidelobe contrih.il ion to he producer! by diffraction from the edges of the 
shielding structure and reflection from features near the Optical paiii for this reason, our met nod cousiatod in 
illuminating ;he telescope with a 145 GFlx source placed on tlic edge of the external ground shield and nn ■wiring 
the power received from different orient at;ons of the telescope Given that diffracted fight would shine in baMcaJly 
all directions, we required the source to have a very 1 wide antenna pattern puch -hai it would illuminate the whole 
telescope structure even from u close .ocatioTi. The signal wh* modulated with a chopper wheel n f re>nt of the 
feet, to modulate H awa> from tin; 1// noise of the system Bv rare fully characterizing power cr.itl.tni fo* the 
source, we are able estimate the amplitude of the mean mod nidelobw wil.h reaped: to the main beam. 

3. t Source Design 

Tin- source was excited with u Gunn oscillator from ZAX corfMivj.xt.ion model ZYTISC 6/1/14B.1 /,IJj operating 
at 145 GHz, whirl; fed a WR^fi waveguide system. Table I shows the specifications of this oscillator. Ti stabilize 
the output power, it h u-iufHiratiire was controlled with both n bubmipiature proportion nJh controlled heater 
(DN505-05) placed right on the eudunurt; of the oscillator, and a 40 W heater controlled by on Omega CN7500 
temperature controller baiting an aluminum block that served as a thermal buffer- The system temperature was 
set to 3C°C and continuously monitored showing a maxirrium Steady state drift of 2 °C . At the output of the 
oscillator, a variable attenuator was added io ooncrol the onlpni signal aod reduce the general loti of Jitaiidiug 
wav*S, 

To produce a wide single hi sienna pattern, we used m opt : waveguide an a feed, whjrib should In pdodplr- 
liuX j a FWHM of nearly 90 deg u At the time we had no means i.o modify the waveguide used p-s a feed, so wc 
were forced to use a regular waveguide secliurr ending in a circular flange. This caused some distortions of rim 
radiation pattern, as will be shown below - 

The signal was chopped using ji Eruidord lieecarch* SR54Q optical chopper placed in front of tbr wFtv^iikfe. 
it cjnsifhs of an unedited aluminum whf«l with 5 blades Uiai. rotate nt n stable angular speed. We see the 
chopping frequency to be 5 Jfe t with ji stability of 25flppm/ D C ,'. mm by the miumfacturcr spedfb atlonn. 

The whole system was placed Inside an aluminum box for protect ion, for thermal stability and for coiltmrvt.Lng 
the source beam In the forward direction. The box tiad an 7 cm window opening for the feed. The entire ansa 
surrounding :he feed inside r ho box was covered with FlCCOSORIl 1 to avoid internal reflections, *x can be j»whi 
in Figure I. 
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Fig-ire I: Microwave source interior setup Tile f* *i*t fUiown in the figure wifi Iftier replaced by an open waveguide 
witu circular flange. Th r feed and surroundings am aJ covered with ECOQSORB to reduce reflexionr!, The fan 
ww used to control temperature in esse of wiirbcatitig. 


3^2 Source ChavHKtori/.ation 

The snunffi's antenna l wit, tern, output power and s Lability had so be characterized to help Interpret the rrxperi- 
mentflJ rcsulla, 

The antenna pattern of the source was tnrnmired lining a Pacific Millimeter ( brmidb&hd receiver diode (Mode! 
DTh with gain G 4 — 900mY/oW ( coupler: to a rcctugufar pyramidal hum antenna of affective area A rr = 
1.536 cm 2 The mgiud was amplified with ail insirtimtntajrkm amplifier with gain G — 443 and n*ad lining a 
Nl-006 acquisition card. This receiver was mounted on a six- axis robot (ABB IRllIGQO), which allowed in * to 
accurately place it -n' tin 3 . desired positions and orientations in from of the amnre with a position nepeof ability 
of 50 /jih- Figure 2 show* thta experi mental setup. We sampled the source's profile along the E and Ji pLujee 
and along diagonals, m a king sure to kwp the polarization angle to rmodtinre the signal. The surveys won' done 
at 2D and 3flci 1 from fisc source. To avoid having to di: convolve the measurements with the receiver pattern, wi 
hept the receiver always pointing directly to the source fec-d and aligned with the puluriftatton angle f so that all 
samples have the tame receiver gain. 

The results lor the E tied H planes are shown in figure 3- The ii pinne profile presents a beam width at half 
power of 40 deg and small features on the sides. The E-plane profile Is more complicated presenting two strong 
sidekrfxH of Intensity comparable to the central beam, which has * width of 20 deg. Both profits stay stable 
when varying riic distance lo the receiver and the relative orieurerior of the expcrioteutal setup. One aidclobc 
in the L plane, Lhe nr 1 centered at B — 30 deg, hhowt an unexpected osciiiaiory pattern which do not chsugt 

when the robot setup is rotated, making u* believe thru it is real and caused by interference from within the 
source, The central intensity wf*& unstable for both measurement, probably due to a standing wave formed 
between source and receiver hom. 

These meaiuircmfintn were contrasted with numerical slmuladons of the waveguide fa* I done using the com- 
merrdid software 1IF!S5, B We simulated an open waveguide with h circular flauga The computer aided design 
and simulation results for the model are shown In Figure 4. The results arc ir agpeemont to the laboratory uiea 
Siirements, showing Ulell tne large sidelohes m the hl-platte lire due to standing currenta formed on the pnrftwo of 
the d&nge of the fredd 1 fri princip.e. this artifact Cim l w.' rn Ligated and the Fend par Turn symmetrized by In? ! rig 
the laiLge with a layer of absorbing material." 3 
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figure 2: Mechanical positioning iis)<d in source characterization. 1 he goldon horn is the receiver, being posi- 
tional by ABB HUJlfiUH In thin picture, $ — !&Qdeg r ft = '10 deg, To reduce reflexions from the robot, ji 

square sheet of ECCOSOFUB was placed right behind the feed horn, which is not shown in this picture. 1 lore the 
robot is sampling the E-plane of I, lie source. 




ft) E-pinrc (b) H-plaiic 

Figure Ik Measurement results for the 145 GHz source sampling the E And H- planes- The greed dots show the 
samples iftkftii 30 cm away bom the source. Those wines can be converted into units of power per solid angle 
cTriHidririg riiH-t the htiru present**! u wilid angle of 1.7 msr with respect to tin*. source at this distance. The wild 
blue line shows the best fit of the simulated power pattern done on HF3S- 


3.3 Experimental Setup 

The dual measurements were done In January 2011 h right after the end of I, he olwcrvlng season and before MB AC 
was definitively removed from the telescope, The sou roe was mounted on cop of the external ground shield, 1,1 m 
away from the primary tnirror, as can ire seen In Figure 5- A laser pointer mounted on the source was used to aim 
it direeiiy to the center of the primary mirror After performing the standard biasing procedure on the catne-ra, 



(a) Wavpguidp Model (b) Antenna Pattern 

Figure 4 Simulated waveguide using HFSS. Figurti ( h ) *lunv& u model of the flange at the end of l ho food, I lie 
currer-ts or- the surface are colored and denote the formation of ^landing waves along the E-pknc, Figure fb) 
shows the antenna power pattern of the waveguide fitwj The large sidelobos on the E-plane at* due to the 
currents on the surface of the Range. 



(»J 'Jbp view [b] Side view 

Figure 5: D ingrain with the location of the. microwave source with respect to the telracopc when motinted on 
the extern u] ground ah Sold, The distance to the center of the telescope ia 13-2 in, Figure {&) shows a top view of 
the configuration. The blue rectangle shows the position of lire ladder in from of tire primary 2 mirror. The rod 
lures trace the rays that may bounce on the ladder wild go into the camera. At the angle at which thin happens 
wo detect a strong sidrkibe as shown in Figure 8 ; so w e iielLevu thn* the sidelobe was cause by the Ladder The 
Udder is in it thiire during normal observations. Figure (b) shcuva the Aisle vi«w of the configuratum- Here the 
telescope is pointing to its hiwt&t. possible elevation (31 deg], existing a direct hire of sight From file source to the 
window of the camera. This means that at this position wc an* dimply measuring the sidelobe rejection of the 


camera. 


wh scanned the tfileacope fur ihe full range in azimuth (l) - IlGUcn ■ ) at constant elevation for six elevation sn-tt ngp 
ranging :MrtWF*>n 31 deg and GO deg with steps of 5 deg, with a scan speed of fl = 03 deg/s. The signal captured 
in MB AC was atonal in the ctandard time order dataBtrenm (TODi forma: uiwd for astronomical dli*!rvn.tions 
for its analysis, Tin- iem|icr«Jt,urr: of the source was munlUimd during the experiment, showing variations with u 
standard deviation of I 8 fl C. 
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Figure G. Envelope dotation performance Note t. brji the estimated envelope follows the amplitude however 
high frtjq|tuglrfc& are not Followed. 


4. DATA ANALYSIS 

Wft , i : i ititei-nHtnil lej :iuvu- tiring the amplitude of the chopped signal as a function of telescope orientation. Given 
thir. the telescope wm moving white the data ww recorded, each chop had a. different orientation. We used a 
lime domain Hilbert. trnmrform method to extract the envelope of live chopped signal. 13 

Lot C(t) b« a square wave carrier nigtial of period 7', and 011 (f) a alow varying function in time, then the 
mill urn wiivr mndiilntod by the envelope can be expressed as 

fl(i) = C(t) x em>(i) (1 4- ]T ■■■ sin ~~) x env(t). (5) 

' ... 


Oard-ptum filtering the above exptuviftloM i;n Isolate the firnt harmonic, we obtain 
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Provided that the carrier froqumicy / — l/T = 5 Hz is above the frequency content of enuff), we can use the 
Bodradtm identity^ to show Lhal the Hilbert uranafcnn of S|(i) is 

H i j - - - «nv{^ coe “ , (7) 

ho wo cun recover t he envelope Ijy writing 

CTU(0 as ™ yf + M [* i~ff )| *. (8) 

Tin bandwidth of the envelope in ultimately determined by the band-pass filter, setting the maximum res- 
olution ai which we can recover the sidejubt*. Pbr noisy data, increasing the bandwidth may also decrease the 
s-.£T a to noise ral .o To ! i, r i ■ I *h- sweet spot, we performed a simulation lor a slow varying signal plus noise as 
ttttamurd from the data. We fouud that a 2 FIz bandwidth maxiniiies the signal to noise, leaving a error in 
the envelope power, 

Figure (i -Ii..wh the chopped signal iti good agreement with the envelope recovered bv our method- 

Out o: 1024 detectors in the focal plane, iV&i wum correctly hiaacd and could be used to collect data during 
the experiment, giving a fair sain pie of the dirribution of the signal «onw§ the array. Figure 7 provides a map 
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Figure 7: distribution of the signal across the detector array rrheii pointing towards ip.« = 76,3 deg 

anti — 3 1 dog. We believe that tho ntm-huinogeneoufl is produced by interference patterns 

prtdmred when a. coherent source renchefi the foe a! plane from two ot more paths. 


of the signal arrow the Idea] plane by comparing the response of dUffitrent detectors at & abort azimuth range of 
ld-:g when pointing towards - 7fl.3deg and 0, r — 31 deg. The signal is dearly non- homogenous, forming 
waging stripes across the array im> itip tdwcope scans. Given lb*i the source es coherent and that it is placed 
imar the telescope, we think that they urn noma want of Interference patterns due to the presence of multiple 
optical paths and do not reprmmt proper ekUlobts, which are expected to ho much wider. For this reason, we 
estimated the signal at every poim as the avcrngEP ngnai over at! detec'.ora. 

Given the proximity of the source, dilferer.t parts uf the telescope are UluminattHi with different Inddare 
angles and the far field condition is not met. Despite this, given that the sddelobes are produced by diflrairttoti 
from 'he telescope structure, jyrd given that ihdfce structure arc in the far field of the camera alone, we expect 
the' the response of the Letaicupe would not differ much from Us response to a murec placed Su the far field, in 
other words, the proximity of the source will only distort the angular distribution of the far sddelobes but not 
them overfill intensity: 

To esiiiiiHti' the upifijiUkin of l he siddobrs with respect to the central beam, we need to e-»tiinato trie power 
tht; would be received by the tcWupo if the source were placed at tfie far field and applied -he s&im power flux 
per unit area as the source in The n*ar Geld Ii our l iltontop' t<>t4s we measured the power output of the source 
with the same attenuation as the one used in the experiment at the into. Fitting the simulated antenna pattern 
to :he lataaraiory trn^urcrnenta f we could the jmjwct radiated In the forward direction as a function 

of cutput solid angle. Then we cxsisidorud that the effective aperture of the telescope, as measured from planet 
obe^rvations, is A* - 18 6 T 0.1 m 1 , and that, the dialiuinr of the source to the center of the telescope wes 13.2 m, 
to estimate that the angular size of the aperture in front, of the source would roughly be 21 deg. Integrating 
the source power pattern over that angle, we obtain die c^utyBlcnt power of the source h**k in the Train beam. 
This power still needs to he attenuated by the power efficiency of the telescope, which is rjuscMr = 0.16 as 
measured from planet observations, yn fling Pf> 1 ID t 0 ISpW, The uncertainty here represents the error 
from the laboratory mesucurcTr exits. although it chn> mi ,• insider the uncertainty in the calibration of the diode 
arid potential changes in the power delivered by tho Gunn source sf a fuu< tkm of operating temperature at the 
site, We cohservatJVRly esti m ate that the results ate Fuscurntc within 5dB- 

Rfifetencing to this value, our results ore provided in decibels im 

r>0-ioio| U) & l (9) 

whore P*i 1& the measured sldeloba power in Watts. 
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Figure ft: A/|rm,it.hd distribution of l.he far pudefobe poWW measured in two repetitions of the experiment (a 
and b). The nnil.fi are In ilecilxilti with rtasptici Lo Lite Expected central power Pq = 1.40 ± 0-13 The two 
experiments ere consistent with each (tiller. The rttrong ttklefobe at as = 200 deg is explained by a ladder that 
we* placed tn from of the primary mirror during the experiment, 


5. RESULTS AND DISCUSSION 

Figure 8 show* the distribution of the signal in ftrimuth for diffcreni. elevations As expected, the intensity 
of the signal is generally higher for orientations closer Lo the central beam. The highest peak in intensity is 
found at, os - 20b dog at an elevation of 40 dug. This angle is eonsiBCenL with reflexions from a ladder that was 
circumstantially placed in front of th« primary mirror for several servicing labors happening at the lime, but that 
m i.ot tlxii’c during norms! observations r tut shown in Figure 5a. Disregarding this peak, the sidelobe contribution 
ranges between -95 jo id -75 dC. 

The uncertainties are dominated by the estimation el the central power. Studying the variability of this 
estimation a* a fonrtkui of gcnmeirfeal parameters we expect om rani It to be accurate within 3dB- Above the 
experiment nj uncrrtaLr.i.ipfi, our rtvult (Iccuoiibt rates that the far sidelobe level of this telescope is beyond the 
expected value far OMCiis telescopes, which are of fireler -SChlB ■ Tufa in anticipated for the off-axis configuration 
in one arid la necessary lo achieve ibe idmce goals of such precision mapping experinaentiS- 

Usiug tbean ttHiults it is possible lo estimate the amount of loading expected on the dcrectors coming from 
th'. ground outride the ground shield. This rail Lat ion diETracts over the edge of the ground shield and shines 
on tint telescope from the same location as the wiurue, hut distributed along the entire circumference of the 
ground shield. Every differentia] solid angle projected by the ground to the edge of the ground shield produces a 
single ray that will get diffracted and attenuated before contributing to the total dux that reaches the teiescope. 
I migrating these rays for the surface brightness of the ground at 300 K, and applying Keller's diffraction formula 
for a wedge 16 to calculate the attenuation of each ray, we obtain rhai the flux powur density per unit area 
at -.hr center of the Urli«oopc would be LSnW/m 2 . Multiplying this by the effective area of the telescope 
ant, attenuating by the average suit -lobe assitutw at each elevation, we obtain the total ioarlfog expected at 
the corresponding elevation. The results are shown in Figure U Considering that the total loading measured 
during nominal obartvations (0* ( = 51,5 deg) is of order 2pW, ii is ri, lt thru the ground ioxtixe is a negligible 
contribution The dominate component of tbs detector loading is due to the atiui.*>phere and spillover loading 
foam within the idasnope* 


6, CONCLUSION 

A talbdactory measurement of the far ridclobes of the ACT telescope was presented, The technique uses a 
source located near line UrSe&eope and an understanding of the diffracted power coupling to the detector arrav 
to estimate the email intensity' of the ridetabee expected from a jsourcc located in the far field of llit telescope. 
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Figure 9; Expected loading from toe ground ouUudn fvf tbe ground shield leaked in through the for sirielolms. 


Thr far sjd*-;c«li<- Imnl whs measured to be attenuated -75 dIJ with respect to the main beam of the telescope, 
which satisfies all the design expectations fur the system, situating it quire above tun pa-forTiumoc of regular 
ort-axls systems. This result, plus the effect of d-iffradif iu over the ground shield structure, imply t hat, the ground 
contribute with fuss than D,3fW of power, which is negligible ct impart'd to oLhtr sourcefi of landing, 
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